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Wherever the polarization properties of a light beam are of concern, polarizers and polarizing beamsplitters
(PBS) are indispensable devices in linear-, nonlinear- and quantum-optical schemes. By the very nature of
their operation principle, transformation of incoming unpolarized or partially polarized beams through
these devices introduces large intensity variations in the fully polarized outcoming beam(s). Such intensity
fluctuations are often detrimental, particularly when light is post-processed by nonlinear crystals or other
polarization-sensitive optic elements. Here we demonstrate the unexpected capability of light to
self-organize its own state-of-polarization, upon propagation in optical fibers, into universal and
environmentally robust states, namely right and left circular polarizations. We experimentally validate a
novel polarizing device - the Omnipolarizer, which is understood as a nonlinear dual-mode polarizing
optical element capable of operating in two modes - as a digital PBS and as an ideal polarizer. Switching
between the two modes of operation requires changing beam’s intensity.
T
he state of polarization is one of the three characteristics of an electromagnetic wave, the others being its
energy (or photon number) and frequency. Although themanagement andmeasurement of the wave energy
and frequency have progressed throughout the laser era up to unprecedented levels of precision, the state of
polarization of light still remains largely elusive to control. Indeed, despite the significant progress in optical fiber
manufacturing, because of residual birefringence or strain the polarization of light remains unpredictable after
propagating a few hundred meters in a fiber. Moreover, in spite of the recent tremendous technological devel-
opments in waveguide and fiber-based polarization controllers1,2, the basic principle of operation of these devices
rests upon a combative strategy, consisting in linear polarization transformations followed by partial diagnostic
associated with an active loop control driven by complex algorithms1,2. Here, we propose a radically different
approach which is based on preventing polarization fluctuations in optical fibers, rather that post-compensating
them. Consider for example the action of a linear polarizer and a polarization beam-splitter (PBS) on a sequence
of three perfectly polarized pulses, as shown in Fig. 1a,c. The polarizer only passes one component of polarization
(SOP) and rejects the other ones. As a result of this rejection principle, in the example of Fig. 1a only two pulses out
of three pass through the polarizer (albeit with largely different peak powers), while the last pulse with orthogonal
polarization is blocked and removed from the outcoming beam. Hence, due to the rejection principle, all input
polarization fluctuations are transformed into output intensity variations, introducing a large Relative-Intensity-
Noise (RIN); even if the input beam had a steady intensity in time. Indeed, this property is intrinsic to linear
polarizers or any device exhibiting strong polarization-dependent losses. It may seem that a linear PBS is free of
RIN because the device is lossless, i.e. the total energy of the transmitted beam is conserved. This is not true –
clearly RIN is still present in each individual output channel, as illustrated by Fig. 1c. The principle of operation of
a linear PBS (which we call here the principle of continuous splitting), rules that the last pulse must be split in
nearly equal portions between the two output channels. Therefore, the peak intensities of pulses in each output
stream are modulated in time, even though the pulses had equal intensities in the stream incident onto the PBS.
Here we propose, experimentally validate and theoretically describe the so far unexpected capability of light to
self-organize its SOP in optical fibers, with no need for additional control elements. We baptize this new device as
the Omnipolarizer. The principle of operation of our Omnipolarizer is schematically illustrated in Fig. 2.
Basically, the Omnipolarizer is simply composed by a single span of nonlinear telecom fiber, where a signal
beam nonlinearly interacts through a four-wave-mixing process with its own counter-propagating replica pro-
duced bymeans of a back-reflection at the fiber output, see Fig. 2a. Depending on themirror reflection coefficient
SUBJECT AREAS:
OPTICS AND PHOTONICS
TRANSFORMATION OPTICS
FIBRE OPTICS AND OPTICAL
COMMUNICATIONS
NONLINEAR OPTICS
Received
18 July 2012
Accepted
19 November 2012
Published
6 December 2012
Correspondence and
requests for materials
should be addressed to
J.F. (jfatome@u-
bourgogne.fr)
SCIENTIFIC REPORTS | 2 : 938 | DOI: 10.1038/srep00938 1
(which can be even greater than unity when the back-propagating
signal is amplified into a reflective-loop, see Fig. 2b), the Omni-
polarizer may operate in (and can be switched among) two distinct
RIN-free regimes. Consider first the PBS mode, which is obtained
with a below-unity back-reflection coefficient. For any arbitrary
polarized input signal, two fixed output SOPs are produced, corres-
ponding to right or left circular states (i.e., the two poles of the
Poincare´ sphere). These SOPs are universal as they do not depend
on the telecom fiber sample or environmental conditions. The sign of
the initial signal ellipticity determines which of the two poles is
obtained at the device output. Next consider the polarizer mode
which is obtained when the back-reflection coefficient is larger
than unity (i.e., the back-reflected light is amplified). In this case a
single circular output SOP is generated, irrespective of the initial
Figure 2 | Schematics and principle of the Omnipolarizer. (a) Passive setup: the light beam interacts nonlinearly in an optical fiber with its backward
replica, obtained by inserting a partially reflecting mirror. The device behaves as a discrete PBS. Depending on its initial ellipticity, the input signal is
digitally routed towards one or the other pole of the Poincare´ sphere, corresponding to circular polarization states. (b) Active setup: the back-reflected
signal is amplified in a reflective fiber loop (circulator & amplifier). TheOmnipolarizer can switch between the PBS and polarizermodes depending on the
back-reflected power. In the polarizer mode, all the input SOPs remain trapped around a small spot on the Poincare´ sphere.
Figure 1 | (a, b) Illustration of the lossy nature of a linear polarizer based on the rejection principle, as opposed to the Omnipolarizer. Three input pulses,
with different initial polarization states are incident on a) the linear (or conventional) passive polarizer; b) the Omnipolarizer. In the first case, we observe
strong output intensity variations due to the rejection principle. In the second case all three pulses pass through with no degradation. In both cases the
outcoming pulses are vertically polarized. (c, d) Illustration of the continuous splitting principle of the linear (or conventional) PBS, as opposed to the
discrete splitting principle of the Omnipolarizer. Three pulses, with different initial polarization states are incident on c) the linear PBS; d) the
Omnipolarizer. In the first case, pulse splitting and intensity variations are observed on each axis of the PBS. In the second case, no splitting is observed: all
energy is routed to either one or another channel, simply depending on the initial polarization ellipticity of the pulse. Note that this figure only serves for
illustrative purposes. Indeed, the Omnipolarizer splits mutually orthogonal circular (and not linear, as shown in the figure) polarizations.
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 2 : 938 | DOI: 10.1038/srep00938 2
polarization state of the incoming signal. As we shall see, the major
advantage of the Omnipolarizer is not just that two polarization
control functions may be combined into a single optical device, but
rather in the peculiar mode of operation of both the PBS and the
nonlinear polarizer.
Let us first characterize the nonlinear polarizer function of the
Omnipolarizer and contrast its operation principle with the rejection
principle of a linear polarizer, cf. Fig. 1a and Fig. 1b. In the
Omnipolarizer, all incident SOPs are nonlinearly trapped and merge
into a small spot around a well-defined SOP at its output. Therefore,
this device is free of RIN – a steady in time and varying in polariza-
tion input beam is converted into a steady in time and fully polarized
output beam. Note however that the Omnipolarizer cannot remove
any RIN existing originally in the intensity profile of a signal. Yet,
unlike conventional passive linear polarizers, the device does not
introduce any additional RIN penalty due to the polarization rejec-
tion principle and propagation channel. Next, consider the PBS fea-
ture of the Omnipolarizer and contrast its discrete splitting operation
principle with the continuous splitting which is inherent to a linear
PBS. Depending on its input polarization ellipticity, the signal beam
is directed into either one or another channel at the device output.
This means that an input pulse is no longer split among the two
output channels in amounts which are proportional to the projec-
tions of its SOP on the two polarization axes of the PBS. To the
contrary, the signal pulse is routed to an output channel as a single
digital entity, cf. Fig. 1b and Fig. 1d. Therefore we may conclude that
this device, when functioning as a PBS (called here discrete PBS) is
free from RIN.
In the quest of more transparency for future optical networks,
there is a need for ultrafast all-optical control of light polarization,
which has motivated a renewed interest in polarization optics. In this
field research moves along three distinct paths: i) the development of
linear and nonlinear methods of re-polarization of a partially coher-
ent and initially fully depolarized light with interferometers1, in a
random scatteringmedium4, via propagation in a Kerrmedium5–9, or
even through propagation of a diffracting beam in free space10; ii) the
engineering of dissipative polarizers11–18; iii) the design of nonlinear
methods of lossless polarization control of fully coherent and depo-
larized beams19–23. Polarizers belonging to the first class are based on
the coherent suppression of phase noise, which is intimately related
to the incoherent nature of light beams. These polarizers are not of
interest to us here, because they either are inapplicable to fully coher-
ent beams, or when applicable they are not free from RIN. Examples
of devices belonging to the second class are the Brillouin ampli-
fiers11–14 proposed by L. Thevenaz et al., and Raman amplifiers15–18
first demonstrated by M. Martinelli et al. in ref. 15. These devices do
not conserve the energy of the beam and, more importantly, because
of their intrinsic properties based on polarization dependent gain,
they suffer from a large amount of output RIN. Our Omnipolarizer
belongs to the third class. Polarizers belonging to this class are all free
of RIN. However most of these devices have the drawback of requir-
ing an additional polarization control intense beam (pump beam),
whose state of polarization must be in turn also accurately stabi-
lized19–22. In contrast, the Omnipolarizer does not need any pump
beam or active opto-electronic element, since light is capable of self-
organizing its own SOP. Its operation principle is based on the ultra-
fast Kerr nonlinearity inherent to silica glass, and it is at least six
orders of magnitude faster24 than the single-beam polarizers utilizing
the slow photorefractive nonlinearity which were pioneered in23.
Here, the Omnipolarizer is not only a fast single-beam polarizer
free of RIN, but most importantly it also demonstrates a RIN-free
PBS based on the discrete splitting principle, as exemplified by
Fig. 1d. From a fundamental point of view, the experimental demon-
stration of the Omnipolarizer represents a significant step forward as
its operation goes beyond current way of thinking. Indeed, this device
provides the first clear experimental demonstration example of the
self-organization of light polarization in a nonlinear medium thanks
to feedback reflection, which is described by means of a perfectly
isotropic model (see Eq. (1) and Ref. 25). Similarly to the spontan-
eous organization which may occur in the spatial domain as it was
numerically predicted in ref. 26, in spite of its symmetry the medium
prefers to support a strongly anisotropic polarization pattern - one or
two tightly localized spots on the Poincare´ sphere for the output
signal SOP (see Fig. 2) instead of the expected isotropic distribution,
i.e. a uniform coverage of the Poincare´ sphere, see Fig. 2. The illus-
tration of the beam SOPs on the Poincare´ sphere in Fig. 2 comes
handy to visualize the main function of the Omnipolarizer – the
spontaneous re-polarization of an initially unpolarized wave.
Results
We implemented and demonstrated the concept of universal
Omnipolarizer as shown in Fig. 3, see the Methods section for addi-
tional details. The efficiency of the device was first characterized
when operating in the discrete PBS mode. In this case the setup only
involves an output reflective element (i.e., the configuration depicted
in Fig. 2a), such as a Fiber Bragg Grating (FBG, used here with 95% of
reflection, 5% of transmission) or an optical circulator plus a fiber
coupler, or end fiber coating. The corresponding experimental
results are provided in Fig. 4. The SOP of an initial On/Off Keying
(OOK) 40-Gbit/s signal centred around 1564 nm was scrambled so
that it spreads over the entire Poincare´ sphere. As a result, its eye-
diagram signal was completely closed beyond a linear polarizer.
When the input average power was increased up to 27 dBm, we
could observe that the output SOP self-stabilized in two orthogonal
points on the Poincare´ sphere: light self-organized its SOP. Indeed,
for a positive (negative) ellipticity of the input signal SOP (i.e., the red
(blue) points in Fig. 4), the output signal SOP remained confined
around the north (south) pole of the sphere, that is to say close to the
right (left)-handed circular polarization. In order to quantify the
quality of the attraction process, the residual fluctuations in the out-
put SOP can be contained in a maximum circle-cap characterized by
a solid angle of 0.42 sr for the north pole (0.68 sr for the south),
corresponding to a maximum fluctuation of the ellipticity angle of
0.37 rad (0.47 rad) peak-to-peak or a solid angle of 0.10 sr (0.12 sr)
in rms corresponding to a variation of the ellipticity angle of 0.18 rad
(0.20 rad), respectively. This residual distribution around a small
area is attributed to the fact that the process of self-organization
asymptotically converges to the poles in the limit case of very long
fibers or high input powers. Consequently, nearly orthogonal input
SOPs are difficult to attract into a single output point. Moreover, it is
important to note that the two output SOPs are universal, in the sense
that they do not depend on either the input signal, the telecom fiber
sample, the laboratory reference frame or any environmental
changes. Indeed, we checked that straining the fiber does not influ-
ence the position and width of the output SOP distributions.
Moreover, by means of an air-free quarter-wave plate/polarizer
setup, we measured the absolute (i.e., in the fixed laboratory frame)
value of the SOP which always remains in a circular state. As a result,
in the configuration leading to two universal output SOPs the
Omnipolarizer behaves as a discrete PBS. Indeed, in spite of the
initial polarization scrambling, no intensity fluctuations can be
observed in the eye-diagrams of the 40-Gbit/s output intensity pro-
files. Depending on its initial ellipticity, all of the 40-Gbit/s signal
energy is digitally routed to either the right or left-circular SOP
without any pulse splitting.
Next we tested the second configuration shown in Fig. 2b and 3,
which involves the reflective loop set-up and allows the
Omnipolarizer to operate in (or switch among) the two different
regimes – a polarizer or a PBS. Namely, one or two points of SOP
stabilization can be observed, depending on the amount of energy
that returns back into the fiber upon reflection. An associated short
movie, which can be found in the Supplementary Movie, illustrates
www.nature.com/scientificreports
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well the evolution of the output SOP as a function of the average
power of the reflected signal for an input power of 27 dBm. The
transition between the two regimes may be clearly observed.
The 40-Gbit/s experimental results obtained for the Omnipo-
larizer in polarizer mode are summarized in Fig. 5. When the
back-reflected signal was amplified by means of the reflective loop
configuration of Fig. 3 so that its power was just beyond the input
power (i.e., when the power of the back-reflected signal was increased
up to 28 dBm), a single point of stabilization survived: all of the
output SOPs remained localized around a small area of the
Poincare´ sphere (see Fig. 5) contained in a circle-cap characterized
by a solid angle of 0.28 sr, corresponding to a maximum fluctuation
Figure 4 | Experimental results obtained in the digital PBS operation mode, in configuration with a FBG, when the input power was set to 27 dBm.
Two orthogonal universal points of attraction are observed depending on the input signal SOP ellipticity. All initial SOPs initially situated in the northern
(southern) hemisphere emerge from the fiber in the right (left) circular polarization, as in a discrete circular PBS.
Figure 3 | Experimental set-up of the Omnipolarizer. The polarization state of an input 40-Gbit/s Return-to-Zero transmitter (Tx) is first randomly
distributed onto the Poincare´ sphere by means of a polarization scrambler. Next the signal is amplified by means of an Erbium doped fiber amplifier
(EDFA) up to 27 dBm before injection into a 6.2-km long standard silica Non-Zero Dispersion-Shifted Fiber (NZ-DSF). After propagation, the signal is
back-reflected by either a Fiber Bragg Grating (FBG) or an amplified reflective loop consisting of a circulator, a fiber coupler to collect the output signal,
and a second EDFA, respectively. At the receiver, the efficiency of the self-repolarization effect is evaluated onto the Poincare´ sphere. Moreover, time-
domain monitoring of the output SOP is obtained by means of eye-diagrams and BERmeasurements of the signal passing through a conventional linear
polarizer. (see Methods for additional experimental details.)
www.nature.com/scientificreports
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of the ellipticity angle of 0.30 rad peak-to-peak or a solid angle of
0.06 sr in rms corresponding to a variation of the ellipticity angle of
0.14 rad. As in the previous PBS case, we would like to notice that
since all the input SOPs converge asymptotically to the pole of the
sphere, a large number of nonlinear lengths would be theoretically
required to reduce this small area to a single point, which is hardly
possible in practice. Note that the finite size of the SOP spot can also
be interpreted theoretically by the fact that the singularities lie on the
boundary of the energy-momentum diagram (see Fig. 2 of the sup-
plementary materials), so that convergence to the singularities can-
not take place in an isotropic way, which limits the efficiency of the
attraction process27. We remark that the polarization controller
inserted into the reflective loop of Fig. 3 can be used to tune the point
of attraction on the Poincare´ sphere and thus to select a specific
output SOP on demand. Consequently, whatever the initial SOP,
the output polarization of the 40-Gbit/s signal remains trapped close
to a single SOP and the output eye-diagram is completely open
behind a polarizer. In other words, a negligible polarization-depend-
ent loss is obtained from the Omnipolarizer, indicating that the self-
polarization process operates in its full strength, free fromRIN.More
importantly, the corresponding bit-error-rate (BER) measurements
(also presented in Fig. 5) show that, in spite of the initial polarization
scrambling process, the Omnipolarizer enables clean error-free data
recovery behind a polarization dependent component. This com-
pletes the demonstration of the powerful SOP stabilization which
is achieved by the device.
Theoretical analysis. From a theoretical point of view, the descrip-
tion of the previously discussed self-polarization phenomenon can
be established on the analysis of the spatio-temporal evolution of
counter-propagating beams (the propagating signal and its own
reflective replica) in a standard randomly birefringent telecom
fiber, whose dynamics can be modelled by a set of 2 coupled
equations25:
L~S
Lt
{v
L~S
Lz
~c~S| I~J
 
L~J
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L~J
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 
8><
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where z is the spatial coordinate along the fiber, v is the group-
velocity, c is the nonlinear Kerr coefficient, 3 denotes the vector
product and I is a diagonal matrix with coefficients (21,21,1)25.
The SOPs of the forward and backward beams are described by the
Stokes vectors~S~ Sx,Sy,Sz
 
and~J~ Jx,Jy,Jz
 
. In spite of its apparent
simplicity, model (1) captures all of the essential properties of the
Omnipolarizer: excellent quantitative agreement with the experi-
mental results is obtained without using adjustable parameters (see
the theoretical supplementary material). In particular, the simula-
tions of Eq. (1) confirm the existence of either one or two points of
self-organization for the SOP on the poles of the Poincare´ sphere (see
Figs. 6a–c). The self-organisation mechanism can be qualitatively
understood as follows. Because of statistical averaging over its
random linear birefringence distribution, the fiber does not favour
any particular polarization direction. For instance, this argument
indicates that the SOPs of the two beams cannot relax towards,
e.g., a linear state, because such a relaxation would violate the
symmetry properties of the fiber. In this respect, the left and right
circular SOPs are the only ones which satisfy the requirements
imposed by the characteristics of the optical fiber. In its passive
configuration, the two circular SOPs are completely symmetric,
hence the fiber exhibits two distinct points of attraction for the
beam SOPs. The switching between the two modes of operation
results from the symmetry-breaking induced by the boundary
conditions inherent to the active configuration. More precisely,
suppose that the energy of the transmitted signal remains larger
than its backward replica (i.e., when a FBG only is used in the
configuration of Fig. 2a). In this case the numerical simulations
confirm well the experimental observation that, depending on the
initial ellipticity of the input SOP, the output SOP self-stabilizes in
either one or another of the two poles of the Poincare´ sphere (see
Fig. 6a). In this situation, the Omnipolarizer acts as a digital PBS, just
as in the experimental observations of Fig. 4. On the other hand,
whenever the energy of the back-reflected signal becomes equal or
slightly larger than the transmitted signal energy, by means of an
additional gain as in Fig. 2b, the solutions of Eqs. (1) confirm the
experimental findings of Fig. 5 that the Omnipolarizer acts as lossless
polarizer (see Fig. 6b). In this case, irrespective of the initial SOP at
the input of the device, one obtains at the Omnipolarizer output
a unique polarization state without any residual polarization
Figure 5 | Experimental results obtained in the polarizer mode when the back-reflected signal power is amplified (28 dBm) just beyond the input one
(27 dBm), in a configuration with a reflective loop (Fig.2b). A unique point of stabilization was observed on the Poincare´ sphere, i.e. the device operates
as a polarizer. Fig. 5 illustrates the experimental eye-diagram of the 40-Gbit/s signal at the input and output of the device through a polarizer. The SOP of
the signal is aligned with the polarizer in order to transfer all polarization fluctuations into the intensity domain. We also show BER measurements
obtained at the input and output of the Omnipolarizer in the presence of polarization scrambling.
www.nature.com/scientificreports
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depending loss. It can be shown that the selection of either the right
or left circular SOP is determined by the angle of polarization
rotation in the reflection process. Such angle is at the origin of the
symmetry breaking between the two circular SOP, and it can be
adjusted experimentally thanks to the polarization controller. More
precisely, if one only considers a polarization rotation around the
vertical axis of the Poincare´ sphere, then a positive (negative)
rotation angle favors the left (right) circular SOP. This result can
be interpreted intuitively, since a positive angle turns the polari-
zation state in the same sense as the left circular polarization state,
which thus favors the attraction process toward this particular SOP
(see the theoretical supplementary material).
In addition to this qualitative understanding, the physical mech-
anism underlying the observed self-polarization phenomenon can be
described in terms of mathematical techniques associated with
Hamiltonian geometric singularities28 (see the theoretical supple-
mental). Such singularities are topological structures that are also
known as singular tori: these can be viewed as a two-dimensional
extension of the concept of separatrix, which is a well-known prop-
erty of basic one-dimensional physical systems (e.g., a pendulum). It
can be shown that singular tori play the role of attractors for the SOP
as described by Eqs. (1)29,30. This is schematically illustrated in Fig. 6c,
which provides a phase-space representation of the system: The
numerical simulations show that the SOP converges toward the sin-
gular torus, i.e. the red point in Fig. 6c. The singular torus for the
present model can be represented as a sphere, an object which is
topologically singular in the sense that it cannot be transformed into
a regular torus by means of continuous deformations.
We briefly illustrate here the results for the passive configuration
of the Omnipolarizer and refer the reader to the Supplemental for
details. The numerical simulations of Eqs. (1) reveal that, irrespect-
ive of the initial conditions, the spatiotemporal dynamics exhibit a
relaxation toward a stationary state. This can be understood intui-
tively by remarking that light reflection on the mirror introduces a
supplementary condition for the polarizations states of the forward
and reflected waves: S(L,t)2 J(L,t)5 0 at any time t. This condition
may be viewed as a temporal fixed point on the mirror at z 5 L.
Then the physical picture that one may have in mind is that the
system gradually extends this stationary behaviour from the mirror
toward the whole fiber. This relaxation process is possible thanks to
the reflected wave, which can evacuate the fluctuations of the waves
throughout the free boundary condition at z 5 0. In this way the
counter-propagating waves relax toward an inhomogeneous sta-
tionary state in which their SOPs keep a fixed constant value for
any z.
This brings us to the study of the stationary system (1), whose
main property is that it is Hamiltonian with H 5 c(SxJx 1 SyJy 2
SzJz). In this expression of H, the three axes play an analogous role, a
property which leads to three additional conserved quantities, Kx5
Sx1 Jx, Ky5 Sy1 Jy and Kz5 Sz2 Jz. These functions play a similar
role in the system dynamics, so that all stationary states can be
described in a reduced two-dimensional phase-space representation,
as illustrated in Fig. 6c for H vs Kz.We show in the Supplemental that
the singular torus of interest is located at the origin of the diagram at
Ky 5 Kx 5 Kz 5 0. These values of the constant of the motion
together with the mirror boundary conditions impose that only the
circular SOPs can exist on the singular torus. In conclusion, the
topological properties of the singular torus impose the universal
circular SOPs which are selected by the Omnipolarizer.
Discussion
From the practical side, it is important to answer the question – what
is the response time of our Omnipolarizer? That is, how fast in time
can be the input polarization fluctuations of the beam, so that the
Omnipolarizer still maintains its ability to function as polarizer or
discrete PBS? Our equipment allowed us to drop the characteristic
time of input polarization fluctuations down to 30 microseconds,
without any detectable changes in the SOP stabilization performance
of the Omnipolarizer. This response time is comparable with the
record value of today’s polarization controllers based on Lithium-
Niobate waveguides1,2. In Ref. 24 we have analysed the response time
of another kind of typical fiber-optic nonlinear lossless polarizer
based on the interaction between counter-propagating beams, and
found that it is of the order of LNL/c, where LNL5(cP)21 is the non-
linear length, c is the fiber nonlinear coefficient and P is the input
signal power. This estimate suggests that for typical operational
regimes, the response time is of a few microseconds. The physical
reason why the response time of the Omnipolarizer turns out to be
much slower than the response time of the Kerr effect in silica (which
is of the order of a few femtoseconds) is the counter-propagating
nature of this nonlinear polarizer and thus the distributed interaction
along the entire fiber length. Hence a finite response time is necessary
in order to establish an equilibrium polarization pattern inside
the nonlinear medium. In practice, this analysis suggests that the
Figure 6 | (a) Theoretical Poincare´ representation obtained by numerically solving the spatio-temporal SOP evolution defined by Eq. (1) in the same
configuration as in Fig. 2a involving two output SOP attraction points. To simulate the experiments, we considered a set of 64 different input signal SOPs,
uniformly distributed over the Poincare´ sphere (blue and green points). The red dots represent output SOPs. The input SOP ellipticity determines the two
basins of attraction of the Omnipolarizer: green (blue) dots are attracted to the north (south) pole of the Poincare´ sphere. (b)Same as in (a), but in the
configuration of Fig. 2b involving a single output SOP attraction point (see the theoretical supplement material for details on the parameters used in the
numerical computations). (c) Reduced phase-space representation of the stationary states of the system (1), where the Hamiltonian H5 c(SxJx1 SyJy2
SzJz) and Kz 5 Sz2Jz are conserved quantities. Each point of the phase-space diagram (H, Kz) refers to a torus. The final points of the numerical
simulations of Eqs. (1) are represented by green crosses. The small insert is a zoom near the singular point (H52c, Kz5 0: red point), which reveals that
the SOP is attracted towards this point. The parameter c has been fixed to 1 in the numerical computations.
www.nature.com/scientificreports
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response time of the Omnipolarizer could be reduced by at least an
order of magnitude by utilizing fibers with higher nonlinearities,
such as Chalcogenide, Tellurites, Bismuth or lead Silicate fibers31–37.
The counter-propagative configuration and four-wave mixing
interaction of the Omnipolarizer also impose high average powers
for both forward and backward light beam, typically around
500 mW in Figs. 4 and 5, which is high above the standard telecom-
munication levels of powers and consequently, which could not be
applicable to weak input signals. Nevertheless, this drawback could
be also overcome by the use of highly nonlinear fiber based on soft
glass materials31–37, which could allow to decrease the required aver-
age power by two orders of magnitude thanks to their strong Kerr
coefficients. Another important issue for telecommunication appli-
cations is the compatibility of the Omnipolarizer with a wavelength
division multiplexing (WDM) configuration. Currently, we could
emphasize that because of the strong nonlinear regime of propaga-
tion occurring in the Omnipolarizer, the power level should be yet
higher in a WDM configuration and thus a substantial nonlinearity-
mediated cross-talk would be observed between the different chan-
nels, providing a non-negligible amount of quality impairments. In
order to overcome these impairments and excess of power, we would
emphasize that a demultiplexing operation should be required before
repolarization process in a WDM environment. This last point is
presently under study and requires further investigations.
In summary, this work reports the first experimental observation
of self-organization of light state of polarization in optical fiber. The
device called Omnipolarizer is based on a nonlinear interaction
through a four-wave-mixing process occurring in optical fibers
between a signal beam and its own counter-propagating replica pro-
duced by back-reflection at the fiber output end. Two modes of
operation of the Omnipolarizer were experimentally demonstrated.
First as digital circular beam splitter when only a reflective element
such as FBG was inserted at the end of the fiber. This configuration
allowed us to successfully route an arbitrary polarized OOK 40-Gbit/
s signal into a well-defined universal right or left circular SOP with-
out any polarization depending loss induced RIN. Secondly as an
ideal polarizer, it corresponds to the implementation of an amplified
feedback loop at the end of the fiber. In this configuration, the
Omnipolarizer has allowed us to self-trap the state of polarization
of an arbitrary polarized OOK 40-Gbit/s without any polarization
depending loss, and provided weak penalty when compared to back-
to-back measurements. In conclusion, our observations of polariza-
tion self-organization in a standard telecommunication optical fiber
unveil the possibility for a radically new approach to light polariza-
tion control, and open up the path to new exciting applications in
photonics including signal processing, imaging, laser, spintronics or
sensing measurements.
Methods
The 40-Gbit/s Return-to-Zero signal was generated by means of a 10-GHz mode-
locked fiber laser (Calmar Laser) delivering 2.5-ps pulses at 1564 nm. The spectrum
of the initial pulse train was frequency sliced by means of a programmable liquid-
crystal based optical filter (Finisar Waveshaper) in order to enlarge the pulses to
7.5-ps Gaussian pulses. The resulting 10-GHz pulse train was intensity modulated by
a LiNbO3 modulator through a 231-1 pseudo-random bit sequence PRBS (Modbox
Photline technologies and Anritsu pattern generator) before x4 time multiplexing to
achieve a 40-Gbit/s optical data stream. A polarization scrambler (Agilent polari-
meter) was then used to introduce wide polarization fluctuations at a rate of
0.625 kHz. Before injection into the optical fiber, the 40-Gbit/s signal was finally
amplified by means of an Erbium doped fiber amplifier (EDFA fromManlight) at an
average power of 27 dBm. The optical fiber within the Omnipolarizer was a 6.2-km
long standard Non-Zero Dispersion-Shifted Fiber (NZDSF) with chromatic disper-
sion D 5 21.5 ps/nm/km at 1550 nm, a dispersion slope S50.07 ps2/nm/km, a
nonlinear Kerr coefficient c51.7 W21 km21 and a PMD coefficient Dp50.05 ps/
km1/2. An optical circulator was inserted at the input of the fiber. At the opposite end
of the fiber, two configurations were tested. The first one involved a FBGwith a 1-THz
flat-top bandwidth centred at the signal wavelength with a reflection (transmission)
ratio of 95% (5%), respectively. After propagation, the repolarized 40-Gbit/s data
signal was optically filtered by means of a 70-GHz Gaussian shape optical bandpass
filter (programmable WaveShaper filter from Finisar) shifted by 290 GHz from the
initial signal central frequency so as to improve the intensity extinction ratio20. At the
receiver, a polarizer or an association of quarter-wave plate and linear PBS, were
inserted in order to translate the polarization fluctuations into intensity fluctuations.
Behind the polarizer, the 40-Gbit/s eye diagram was monitored by an optical
sampling oscilloscope (OSO EXFO picosolve) while the data were detected by means
of a 70-GHz photodiode (from u2t) and electrically demultiplexed (Centellax 56-
Gbit/s demultiplexer) at 10 Gbit/s in order to measure the bit error rate (BER). Note
that the BER measurements represented in Fig. 5 are averaged on the 4 resulting
demultiplexed 10-Gbit/s channels. The 40-Gbit/s signal SOP was also analyzed by
means of a commercially available polarization analyzer (Agilent polarimeter).
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